The syntheses, crystal structures, and magnetic properties of two new copper(II) complexes with molecular formulas [Cu 7 (μ 2 -OH 2 ) 6 (μ 3 -O) 6 (2) are reported. The heptanuclear compound is composed of a central octahedral CuO 6 core sharing edges with six adjacent copper octahedra. In 2, the copper octahedra shares one equatorial edge. In both compounds, these basic copper cluster units are further linked by water bridges and bridging adenine ligands through N3 and N9 donors. All copper(II) centers exhibit Jahn-Teller distorted octahedral coordination characteristic of a d 9 center. The study of the magnetic properties of the heptacopper complex revealed a dominant ferromagnetic intra-cluster interaction, while the dicopper complex exhibits antiferromagnetic intra-dimer interactions with weakly ferromagnetic inter-dimer interaction.
Introduction
The synthesis and characterization of 3d-metal clusters with various nuclearities, structural patterns, and diverse metal topologies are of importance [1] . This is not only due to their physical and chemical properties [2, 3] , but also due to the biological relevance of some of these types of compounds [4, 5] .
Polynuclear transition-metal clusters offer fascinating structural organization, thereby serving as a valuable source of inspiration in achieving new coordination motifs and architectures [6] [7] [8] [9] .
Copper complexes, particularly high-nuclearity, have been intensively studied as metalloenzyme models for catalysis of various oxidation reactions, for their quantum magnetic properties, and for the creation of interesting architectural topologies [10] [11] [12] [13] . Dinuclear copper compounds are by far the most abundant [14] [15] [16] [17] [18] , but polynuclear copper structures, in which the number of metal ions, (n), ranges from 3 to 8, are also common [19] [20] [21] [22] . The number of studies for heptanuclear copper complexes has significantly increased in the last fifteen years [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] . This increase is due, in part, to the formation of stable polynuclear Cu-O cores with μ 2 -OH, μ 3 -OH, μ 3 -O, or μ 4 -O bonding under basic conditions, along with the bonding of chelating or bridging ligands between clusters. Although double cubane-type is the predominant structural motif comprising corner and vertex sharing copper centers [23, 24, 26, 32] , body-centered and disk-type architectures have been also reported [30, 34, 38] . So far, all these polynuclear complexes have a Cu 7 central core composed of an inner Cu(II) bonded to six peripheral ones through μ 3 -O bridges. Furthermore, the metal core is sheltered by N,N′-bidentate ligands bridging two adjacent outer copper centers. These metallic platforms usually display interesting magnetic properties, which can be fine-tuned by the structural features of the ligands such as size, shape, flexibility, conformation, and symmetry [39] . Adenine is a purine nucleobase displaying a variety of monodentate and bidentate bridging metal coordination modes and, as a consequence, has been extensively studied [40] [41] [42] [43] [44] [45] . The presence of primary or secondary 6-amino groups in the adenine molecule also offers interesting possibilities for being involved as H-donors in inter-ligand H-bonding interactions. Since adenine possesses several different coordination donors, i.e., N3, N7, and N9, in different spatial positions, it offers, by itself or in derivative forms, the possibility to build new transition metal complexes containing more than one metal per molecule, representing a very interesting group of multinuclear metal structures. Due to its capacity to hold metal centers at short intramolecular distances, it can lead to compounds with strong magnetic exchange interactions. These properties make this type of compound an exciting target of research from the magnetic point of view [45] . Dinuclear copper(II) with adenine or derivatives are the most common described in the literature showing Cu⋯Cu distances varying from 2.977 to 3.302 Å and typically antiferromagnetic behavior [45] [46] [47] .
Herein, we report two new copper complexes, [Cu 7 (μ 2 -OH 2 ) 6 (μ 3 -O) 6 (2) , which have been prepared via one-pot synthesis from adenine and Cu(NO 3 ) 2 . Polymetallic 1 crystallized from an aqueous solution at room temperature by slow evaporation after 4-5 weeks while bimetallic 2 was obtained as green crystals from an ethanolic solution after 2-3 days. Furthermore, 1 was converted into 2 when its solution was left in the air and water slowly evaporated during the subsequent five weeks, as depicted in scheme 1. To the best of our knowledge, 1 is the first example of a heptacopper(II) complex with adenine as a bridging ligand through N3 and N9 donors, which may lead to significant differences in its magnetic behavior.
The structure of both complexes was fully characterized by single crystal and powder X-ray diffraction as well as by FTIR spectroscopy and thermogravimetric analysis (TGA). Their magnetic properties were also determined, in order to understand the nature of the observed magnetic exchange and as well as a complementary tool to determine the oxidation state of the metal centers. We are planning to prepare multinuclear copper/adenine complexes, preferably with more than two metal centers aiming to study their magnetic properties.
Experimental

Reagents, methods and instrumentation
All reagents and chemicals were purchased from commercial sources and used without purification. Copper(II) nitrate dihydrate (99%) and adenine (99%) were obtained from Merck and Sigma, respectively.
C, H, and N elemental analyses were performed on a Leco CHNS-932 apparatus. TGA was carried out under air, with a heating rate of 5°C min −1 , using a Shimadzu TGA-50. The total weight loss (%TG) was calculated assuming decomposition to a mixture of oxides at the end of the experiment. The infrared absorption spectra were recorded on a Mattson 7000 FTIR spectrometer using KBr pellets.
Magnetic measurements
DC magnetic susceptibility data were acquired using a Quantum design MPMS-7 SQUID magnetometer, with the reciprocating sample option. The applied field was 1 kOe. Measured samples were in a compacted powder form to avoid preferred orientations with external field and magnetic measurement axes, and fixed using vacuum grease inside gelatin capsules. Copper(II)-adenine complexes 3
X-ray crystallography
Powder XRD data were collected on a X'Pert MPD Philips diffractometer, using Kα(Cu) radiation with a curved graphite monochromator, a fix incident area of 10 mm 2 , and a flat plate sample holder, in a Bragg-Brentano para-focusing optics configuration. Intensity data were collected by the step counting method (step 0.02°and time 5 s) in the range 3°< 2θ < 60°.
The X-ray single crystal data of adenine copper complexes were collected with monochromated Mo-Kα radiation (λ = 0.71073 Å) on a Bruker SMART Apex II diffractometer equipped with a CCD area detector at 150(2) K. The crystals were positioned at 35 mm from the CCD, and the spots were measured using 120 and 10 s counting time, respectively. Data reduction was carried out using the SAINT-NT software package [48] . Multi-scan absorption correction was applied to all intensity data using SADABS [49] . Both structures were solved by a combination of direct methods with subsequent difference Fourier syntheses and refined by full matrix least squares on F 2 using the SHELX-2013 suite [50] .
Several blue crystals from 1 were picked up from the solution, but all of them display a low degree of crystallinity preventing to obtain a final structure with low R values.
The crystal structure of the heptacopper complex including nitrate counter-ions and water molecules showed disorder. The thermal parameters of some carbons and nitrogens from adenine molecules showed high values, suggesting that these molecules were also disordered. Therefore, several disorder models were tried in the structure refinement without success. Therefore, eleven atoms belonging to adenine molecules were refined with isotropic temperature factors (these problems generate several alerts level A in the check cif). The remaining non-hydrogen atoms were refined with anisotropic thermal displacements. Furthermore, the water molecules as well two nitrate anions were refined with an occupancy factor of 0.5. The C-H and N-H hydrogens were included at calculated positions and refined with isotropic parameters 1.2 times those of the atom to which they are bonded. The hydrogens bonded to water were not discernible from the last final difference Fourier maps, and consequently, their positions were not considered in the structure refinement.
For 2, the hydrogens bonded to water molecules and also attached to nitrogen in the adenine molecules were obtained from the last Fourier map. Molecular diagrams were drawn with Diamond and Olex2 software [51] . Crystal data and refinement details are reported in table 1.
Syntheses of the complexes
Synthesis of heptacopper(II) adenine complex (1).
A mixture of copper(II) nitrate dihydrate (0.46 g, 2.0 mmol), adenine (0.053 g, 0.5 mmol), and distilled water (50 mL) were refluxed for three hours at 115°C. The blue solution thus obtained was then kept for slow solvent evaporation. After 4-5 weeks, blue plate-like crystals suitable for structural studies were obtained. The complete solvent evaporation provides a second compound as green plate-like crystals (2) .
Several samples of 1 were characterized by elemental analysis, but the obtained results always showed significant differences in C, H, and N percentages, when compared to expected values from single crystal data. Nevertheless, the experimental powder X-ray diffraction pattern of 1 is in agreement with the powder X-ray diffraction calculated from the single crystal X-ray data, as all the peaks match and no extra peaks were observable (see Supplemental Information).
Selected IR peaks (KBr disk) (cm The experimental powder X-ray diffraction pattern of 2 is in agreement with the powder X-ray diffraction calculated from the single crystal X-ray data at room temperature (see Supplemental Information).
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Results and discussion
Characterization of 1 heptacopper(II) adenine complex
Small light blue plates of copper adenine complex were obtained and its structure was determined by single crystal X-ray diffraction. The asymmetric unit consists of one [Cu 7 (μ 2 -OH 2 ) 6 (μ 3 -O) 6 (adenine) 6 ] 2+ (figure 1), two NO À 3 counter anions, one of them distributed over two sites, each with occupancy of 0.5. In addition, there are eight All seven copper centers are in oxidation state +2 in agreement with the magnetic data, as described below. Given that there are two NO À 3 counter-ions in the molecular formula, a −12 charge is required for charge balance of the overall compound, the two scenarios that satisfy this condition are either twelve OH (6 μ 2 -OH and 6 μ 3 -OH) or, alternatively, six of these bridging ligands are H 2 O, and six are O 2− ligands. While the protons were not discernible from the last calculated difference Fourier maps, further insights into this issue were obtained from TGA, shown in figure 2 , with the corresponding weight loss assignment given in table 3. The first weight loss between room temperature and ca. 105°C can be assigned to six mother liquor water molecules followed by the loss of six bridging water molecules between 105 and 205°C. These data are consistent with the molecular formula [Cu 7 (μ 2 -OH 2 ) 6 (μ 3 -O) 6 (μ-adenine) 6 ](NO 3 ) 2 ·6H 2 O. The second weight loss (zones 2 and 3) between 205 and 470°C can be associated with the decomposition of six adenine molecules and 2 nitrates. Zone 4, starting at 500°C, observed in the TGA curve is assigned to the resulting copper(II) oxide residue. These assignments are consistent with the in situ powder X-ray diffraction, recorded in air at different temperatures ( figure 3) . The 400°C data reveal that the copper adenine complex structure has decomposed, and the onset of the reflections consistent with CuO is visible, increasing their intensity at higher temperatures. This transformation is complete at 500°C, and only CuO peaks are observed.
The crystal lattice of the heptacopper(II) adenine complex is stabilized via multiple hydrogen bonding interactions among the metal complexes, NO 
Characterization of dicopper(II) complex 2
Single crystals of 2 suitable for single-crystal X-ray diffraction were grown from an ethanolic solution as green plates. In the unit cell, there are two isolated complex cations [Cu 2 (μ 2 -H 2 O) 2 (μ-adenine) 2 figure 5 , is centrosymmetric with its inversion center located between the two copper ions, at the center of mass of complex. Its relevant bond distances and angles are reported in table 5. The coordination sphere of the metals consists of two distorted octahedra that share an edge with an intramolecular distance between the coppers of 3.092(2) Å and Cu-O-Cu angles of 82.36(2)°. Each copper center displays Jahn-Teller distortion, having two Cu-O distances markedly longer than the remaining four (see table 5), as expected for complexes containing d 9 metal centers. This central cluster is coordinated to two (μ-H 2 O), two water molecules, and N(3) and N(9) from adenine in a geometry resembling a highly distorted octahedron in which the equatorial plane is composed of two nitrogens The two products with radically different metal topologies arise from similar reagent molar ratios -but different solvents provide different polarity. Indeed, since ethanol is about 35% less polar than water and 2 with a charge 4+, is more polar than 1 with a 2+ charge, it is plausible that 2 is less soluble in ethanol, and for this reason, precipitates out of an ethanol solution more readily. The molecular ratio adenine/H 2 O in 1 is 6/6 and 2/6 in 2, conferring a more hydrophobic character to 1 resulting in lower solubility in water [52] . However, as Mayers et al. observed in analogous complexes, biphasic behavior cannot be excluded as adenine contains aromatic rings [53] , in this work, however, we have not observed such mixtures. Copper(II)-adenine complexes 9
Magnetic properties of heptacopper(II) and dicopper(II) complexes
The paramagnetic effective moment p eff ¼ g ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi ffi J ðJ þ 1Þ p (where J = L + S is the total angular moment) and the paramagnetic Curie temperature θ p of the two compounds were Table 6 . Hydrogen bonding parameters of 2. 
Copper(II)-adenine complexes 11 determined from the linear fit of |dχ/dT| −1/2 (not shown) in order to remove all temperatureindependent contributions [54, 55] . These include primarily a diamagnetic contribution, as can be seen from inspection of the data in figure 7 , where the measured susceptibility becomes negative at high temperature. These values are presented in table 7. The obtained paramagnetic effective moments are very similar to p eff = 1.73 μ B /Cu, the value expected for a Cu 2+ ion (d 9 ) with S = 1/2, L = 0 and g = 2.
3.4.1. Compound 1. Inspection of the crystal structure of 1 previously described suggests a mapping of the magnetic topology, shown in figure 8 . In this compound, the seven copper ions are clustered in planar fashion consisting of a centered regular hexagon, where six ions are localized in the vertices and the seventh at the center. Since in this compound the cluster is an almost regular hexagon-all relevant bond lengths are shown in figure 8(a) , the simplest model that is consistent with this topology can include a single exchange parameter J. One way to further understand the magnetic behavior of a low-dimensional magnetic system, such as the one presented here, is to analyze χT as a function of temperature, presented in figure 7 . The magnetic behavior of this compound can thus be separated in two regimes: Figure 7 . Experimental (circles and squares) and theoretical (solid lines) χT for the two compounds. The solid lines were obtained by fitting the model Hamiltonians described in text with a term added to account for the diamagnetic contribution. 5 K is an onset temperature for 1 below which the inter-heptamer interaction is strong enough to lead to a 3-D ordered system. Above 5 K, the slope in χT is a signature of the ferromagnetic intra-heptamer interaction. The raw data of 2 were multiplied by 10 to make possible to place both measurements in the same picture. Table 7 . Summary of the parameters obtained from the fitting of |dχ/dT| -1/2 and χT.
(i) for temperatures below 5 K, where there is a 3-D interaction between the clusters [56] and (ii) temperatures above 5 K, where the negative derivative of χT is in agreement with the overall ferromagnetic behavior also hinted by the positive value of θ p [57] [58] [59] . The high temperature (T > 5 K) Hamiltonian of this system can be written as:
where J 1 is the single exchange parameter mentioned above. The fitting of the χT experimental data performed using the MagProp software tool distributed with DAVE [60] is shown in figure 7 and the resulting optimized parameters (the exchange parameter (J 1 ), the 
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Landé factor (g), and the temperature-independent susceptibility (χ TI )) are presented in table 7. During the fitting procedure, an extra temperature independent term was added to account for the diamagnetic contribution that is observed in the data. The positive J 1 indicates that the copper-copper magnetic fluctuations have an overall ferromagnetic character, consistent with the positive sign of the Curie temperature θ p . Its small value arises due to the slightly distorted edge sharing arrangement of the Cu-O-Cu bridging. The Landé factor refines to a value close to the pure spin contribution, in agreement to the paramagnetic effective moment value obtained for this compound extracted from a fit to the Curie-Weiss law (see table 7 ). This is an indication that the orbital contribution to the total angular moment is almost negligible. The linear decrease of χT by increasing temperature observed for temperatures above 50 K arises from a strong temperature-independent susceptibility, due to the large amount of non-magnetic material in the sample, water, and other ligands contained in the sample. For this temperature range, as the susceptibility becomes vanishingly small (since it is proportional to the inverse of the temperature), the diamagnetism dominates the magnetic signal.
Compound 2.
In this compound, copper dimers connected by hydrogen bonds are arranged in infinite planes, separated by a distance of about 10 Å. From this, it can be suggested that the magnetic structure of this compound consists of infinite sheets of copper dimers, depicted schematically in figure 9 . This topology, however, has no analytical solution to the magnetic susceptibility. Thus, we propose a model of the magnetic Hamiltonian that consists of two coplanar interacting dimers, as can be seen in the inset of figure 9 . This is the minimal magnetic "unit" in the system. A similar approach, whereby a section of a repeat unit was used to mimic an infinite complex periodic arrangement, has already been successfully applied [61] . In this case, however, there are two exchange parameters: J 1 , related to an intra-dimer interaction and J 2 related to an inter-dimer interaction completed via hydrogen bonds, as can be seen at figure 9(a) . The Hamiltonian which describes the magnetic behavior of this system can be written as:
where S A = S 1 + S 2 and S B = S 3 + S 4 . Again, the result from the fitting (both exchange parameters J 1 and J 2 , the Landé factor (g) and the temperature-independent diamagnetic contribution (χ TI )) is presented in figure 7 and table 7. Similar to 1, in addition to the Hamiltonian, an extra temperature independent diamagnetic term was applied to fit the observed data. The negative sign of the magnetic exchange interaction J 1 indicates that intra-dimer interactions have a antiferromagnetic character [62] , while the positive sign of the exchange parameter J 2 suggests that interaction inter-dimer is "weakly" ferromagnetic (see table 7 ). These "weak" interactions are due to the large distances between the dimers in the chain. In addition, the magnitude of magnetic exchange interaction J 1 is comparable to that reported in the literature for other copper complexes [62, 63] . Indeed, as expected from the p eff , the Landé factor has an almost pure spin contribution, indicating an almost ideal quenching of the orbital contribution to the total angular moment.
Also, here an unusually large temperature-independent susceptibility is observed. This is particularly visible due to the weak sample signal, combined with an overwhelming amount of non-magnetic ions in the compound (as well as the sample mounting itself). The crystallization of these compounds depends strongly on the experimental conditions. Complex 1 is prepared from an aqueous solution by refluxing followed by slow water evaporation during four-five weeks. When the water is almost totally evaporated, 1 converts into 2. However, 2 can be obtained from an ethanolic solution after 2-3 days. Their structural characterization revealed that the heptacopper complex crystallizes in monoclinic system, P2 1 space group, with all seven coppers arranged in a regular centered hexagon. These metal centers are linked by bridging μ 3 -O, μ 2 -OH 2 , and μ-adenine molecules. Compound 2 crystallizes in a centrosymmetric monoclinic system, P2 1 /c, having a Cu(II) dimer connected by bridging μ 2 -OH 2 and μ-adenine with Cu⋯Cu distance of 3.092(1) Å. For both complexes, all copper(II) centers display octahedral geometry exhibiting strong Jahn-Teller effects, except the central copper in 1.
The magnetic properties of the heptacopper complex revealed dominant ferromagnetic intra-cluster interactions. The dicopper compound showed intra-dimer interactions with antiferromagnetic character, while the inter-dimer interaction is weakly ferromagnetic. In addition, as expected from the p eff value, the Landé factor close to 2 in both samples indicates that the systems have an almost pure spin contribution, in agreement with the literature for systems with Cu 2+ ions in octahedral symmetry.
Supplementary material
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